ABSTRACT: Eight clay-organic complexes were synthesized by placing quaternary ammonium cations (QUATs) on to bentonite (B) and kaolinite (K) by cation exchange. The organic cations used were hexadecyltrimethylammonium (H DTMA), dodecyltrimethylammonium (DDTMA), trimethylphenylammonium (TMPA) and tetramethylammonium (TMA). These organoclays were characterized via their organic carbon contents with the aid of XRD and Ff-IR spectroscopic analyses. The organoclays were examined for their ability to adsorb phenol (P) and several of its methyl congeners [2,4-dimethylphenol (2,4-DMP) and 2,4,6-trimethylphenol (2,4,6-TMP)]. It was shown that inorganoclays (Na-clays) and organokaolinites were incapable of adsorbing any of these organic pollutants. It was also determined that the adsorption of phenol compounds from water decreased in the order: 2,4,6-TMP> 2,4-DMP > P for HDTMA-B and DDTMA-B, 2,4-DMP> P > 2,4,6-TMP for TMPA-B and P > 2,4-DMP > 2,4,6-TMP for TMA-B. With n-hexane as a solvent a different adsorption trend was found, which depended on the type and degree of solvent interaction with the organic compounds and the organoclays. It was observed that the degree of adsorption of phenols on to organoclays was dependent on the relative adsorbent-adsorbate energies and adsorbate-solvent interactions. The adsorption isotherms of phenols on to organophilic clays were evaluated according to the Giles classification.
INTRODUCTION
The sorption of non-ionic organic compounds (NOCs) from water by soils and subsoils is controlled predominately by the fraction of organic matter present. The mineral phases of soils tend to be strongly hydrated in the presence of water. Preferential adsorption of water by minerals deactivates these surfaces towards the adsorption of NOCs since these cannot compete effectively with water for the adsorption sites. As a result. NOCs in soil/water systems interact primarily with the organic matter phase and the uptake of NOCs hy soils is strongly correlated to the soil organic matter content (Kowalska et al. 1994) .
TIle inorganic exchange ions of natural clays, e.g., Na and Ca, are strongly hydrated in the presence of water, which results in a hydrophilic environment at the clay surface. As a consequence, natural clays are ineffective sorbents for poorly water-soluble, non-ionic, organic contaminants such as aromatic hydrocarbons that frequently move from contaminated sites into the sub-surface environment and groundwater. The surface properties of natural clays can be greatly modified by simple ion-exchange reactions (Boyd et al. 1991; Jaynes and Boyd 1991a,b; Lee etat. I989a,b, 1990; Boyd et al. 1988a,b) . Through the use of simple ion-exchange reactions, thẽ
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naturally occurring inorganic exchange ions in the interlayer spaces of the clay can be replaced by a variety of organic cations, thus changing the nature of the surface from hydrophilic to organophilic. As a result, the organoclays formed become excellent and selective sorbents for hydrophobic NOCs and may be used in the construction of protective clay liners for waste-disposal reservoirs (Boyd et al. 1988a,b) .
The exchanged organic ions used to form organoclays affect the sorptive behaviour of clay in some manner that appears to be related to the size and molecular arrangement of the exchanged ion in the clay (Lee et al. 1989a,b) , and such ions may be sub-divided into two groups depending on the size or hydrophobicity of the so-called hydrophobic tail or R group (Boyd et al. 1991) .
The first class of modified clays is based on the use of QUATs with relatively large alkyl hydrocarbon R groups (C-12 et al. 1989a,b) . These organoclays are referred to as organophilic clays. When this type of large organic cation is fixed on to the clay surface, an organic phase is formed which is derived from the alkyl hydrocarbon moieties. This organic phase functions as a partition medium for NOCs and is highly effective in removing such compounds from water. Mechanistically, the sorption process appears similar to the dissolution ofNOCs in a bulk organic-solvent phase such as hexane or octanol, except that in this case the organic partition phase is fixed on to the clay surface in a similar manner to the partition behaviour of natural soil organic matter (Jaynes and Boyd 199Ia, b) .
It has been shown that the ion-exchange reaction of large organic cations (e.g. HDTMA) results in the virtual stoichiometric displacement of the small naturally occurring inorganic exchange cations in soils, as may be seen clearly from the very sharp initial rise in the corresponding adsorption isotherms. This suggests that these cations were bound irreversibly to the clay surface. For the smaller organic cations studied, where the hydrophobic tail was the C I 2 or C 9 hydrocarbon, such exchange was incomplete thereby demonstrating that these organic cations are less competitive than HDTMA for exchange sites in soils.
A second class of organoclays are those in which small organic cations such as tetramethylammonium (TMA) or trimethylphenylammonium (TMPA) are used as exchange ions on clays (Jaynes and Boyd 199Ia,b; Lee et al. 1990; Mortland 1970 Mortland , 1986 . The mechanism of uptake and the sorptive properties ofthese clays are distinctly different from clays exchanged with large organic cations such as HDTMA. These smaller exchange ions exist as discrete entities on the clay layers and, as a consequence, do not form a partition phase. The surfaces of these clays can be viewed as containing isolated quaternary ammonium exchange cations separated by 'free' (uncovered) planar aluminosilicate mineral surfaces (Boyd et al. 1991; Jaynes and Boyd 1991a.b: Lee et al. I989a,b ) .
In this paper, we describe the adsorption mechanisms of phenol and the methyl derivatives of phenol by HDTMA-, DDTMA-, TMPA-and TMA-bentonites in the presence and absence of water.
EXPERIMENTAL

Samples
A bentonite sample and a kaolinite sample were obtained from the Resadiye (Tokat, Turkey) and Sile (Istanbul, Turkey) deposits, respectively. The bentonite sample was used without further modification. However, both the clay and silt fractions « 50 urn) of kaolinite were used.
Preparation of inorgano-and organo-clays and their characterization 471 Sodium-clays are typical examples of inorganoclays. The Nat-exchanged form of clay was prepared by stirring samples of the latter for 24 h with I N NaC\. This was followed by several washings with distilled water and centrifugation cycles to remove the excess NaCI and other exchangable cations from the clay. The clay was then resuspended and centrifuged until a negative chloride test was obtained with 0.1 M AgN0 3
•
The Na-saturated clay (20 g) was dispersed in 0.5 I of distilled water. Hexadecyltrimethylammonium (HDTMA) and dodecyltrimethylammonium (DDTMA) organophilic clays were prepared by adding quantities of the respective chloride saIts equal to the cation-exchange capacity of the clay. Trimethyphenylammonium (TMPA) and tetramethylammonium (TMA) surface adsorptive clays were prepared by adding quantities of the respective chloride salts equal to five times the cation-exchange capacity of the clay. After treatment, the clay was washed with distilled water until free of salts and a negative chloride test had been obtained with 0.1 M AgN0 3
• Both inorgano-and organo-c1ays were stored in bottles prior to experimental use.
A model LECO Sc 444 S-C instrument was used for determining the organic carbon content of the inorgano-and organo-c1ays. For XRD studies, samples of the inorgano-and organo-clays were mounted as oriented aggregates on glass slides. Basal X-ray diffraction spacings were then recorded using Cu Ko; radiation employing a Rigaku DMAX mc X-ray diffractometer. FT-IR spectra of the inorgano-and organo-clays were recorded using a Mattson 1000 FT-IR spectrophotometer. The corresponding properties of the inorgano-and organo-c1ays are listed in Table I . Adsorption of organic compounds
The uptake of phenol and methylphenols from water and hexane were measured using a batch equilibration technique. Aqueous solutions of phenol and methylphenols were prepared at desired concentrations and 50 mg of the inorgano-and organo-c1ays introduced into 50 ml volumes of such solutions and allowed to equilibrate for 24 h at 25 ± 1°C. The solutions were then separated from the inorgano-and organo-clays by centrifugation. Spectrometric measurements on these solutions were carried out using a Shimadzu 160 A model UV-vis spectrophotometer at ambient temperature. The absorbances of these solutions were recorded at a wavelength of 269.0 nm (in water) and 270.0 nm (in hexane) for phenol, at a wavelength of 277.2 nm (in water) for 2,4-dimethylphenol and at a wavelength of 276.4 nm (in water) and 284.0 nm (in hexane) for 2,4,6-trimethylphenol with distilled water and hexane being employed as the reference liquids. The equilibrium concentrations of the phenol solutions were determined by means of precalibrated scales. Ff-IR spectra were recorded after the adsorption of the phenols on to the organoclays.
RESULTS AND DISCUSSION
Characterization of the organoclays
The characteristics of the natural clays and the prepared organoclays are presented in Table 1 . The cation-exchange capacity (CEC) values of bentonite and kaolinite indicate that the swelling and non-swelling properties of these clays are low and high, respectively. The organic carbon contents of the organoclays reflect the CEC with the carbon content being higher for those clays with a greater CEC. The interlamellar spacings of the organoclays were obtained by substracting the thickness of the clay layer from the experimentally determined basal spacings (d ool )' Intercalation of the organic cations increased the interlamellar distances from 11.90 A. 
Sorption isotherms of phenols
Phenol and methylphenols were not adsorbed on to inorganoclays from aqueous solution or hexane. Normally, the net negative electrical charge of clays is balanced by exchanged cations. In Nature, these are usually alkali metal and alkaline-earth metal ions such as Na' and Ca 2 + which are strongly hydrated in the presence of water. With inorganoclays, hydration of the inorganic exchange ions present and the polar nature ofthe Si-o groups impart a hydrophilic nature to the mineral surfaces. As a result, water is preferentially adsorbed by these surfaces and non-polar organic compounds cannot compete with strongly held water for the adsorption sites on the clay surfaces. In addition, it should be noted that organokaolinites were incapable of adsorbing these organic compounds. This results from the low organic carbon content of these clays modifying their behaviour to such an extent that they do not act as organoclays.
The amounts of phenol or methylphenols adsorbed per unit weight of adsorbent, q, were calculated using the formula:
where Co is the initial concentration of the various phenols (mgll), C is the equilibrium concentration of the various phenols in solution (mg/l), m is the mass of clay employed (g) and V is the volume of the solution (I). Figure I depicts the adsorption isotherms of phenol (P), 2,4-dimethylphenol (2,4-DMP) and 2,4,6-trimethylphenol (2,4,6-TMP) from water on to hexadecyItrimethylammonium (HDTMAh dodecyItrimethylammonium (DDTMA)-, trimethyphenylammonium (TMPA)-and tetramethylammonium (TMA)--bentonite. These isotherms exhibit marked differences for the various phenols. Thus, as the number of methyl groups in the phenol structure increased, the extent of adsorption on these organoclays also increased. The adsorption of phenol on to the organoclays corresponded to the S type in Giles' classification. In practice. an S-shaped curve usually appears when the following conditions are fulfilled: the solute molecule is (a) monofunctional, (b) exhibits moderate intermolecular attraction causing it to pack vertically in a regular array in the adsorbed layer and (c) meets strong competition for adsorption sites on the substrate from molecules of the solvent or another adsorbed species (Giles et al. 1960) . Thus, monohydric phenols usually give S-shaped curves. especially when adsorbed from a polar solvent such as water or ethanol, but not when they are adsorbed from a non-polar solvent such as benzene or 2,2,4-trimethylpentane which do not compete for the adsorption sites (Giles et al. 1974) . Hence, the OH groups of phenols interact through hydrogen honding with water molecules and as a consequence are not strongly attracted to the hydrophobic surface of the organoclay. The shape of the adsorption isotherms of 2,4-DMP on to HDlMA-, DDlMA-and lMPAbentonites are L-type [ Figure I (A), (B) and (C)] but this adsorbate gives S-type isotherms with lMA-bentonite [ Figure I(D) ]. With an L-type adsorption isotherm, the initial curvature demonstrates that as more sites on the substrate are filled it becomes increasingly difficult for a bombarding solute molecule to find an available vacant site. This implies either that the adsorbate molecule is not vertically oriented or that strong competition from solvent molecules does not exist. Adsorption of 2,4-DMP led to an L3 sub-type (Giles et al. 1960) which implies the absence of solvent from the adsorbed layer. This suggests that 2,4-DMP molecules are probably adsorbed flat and in a close-packed state so that the adsorbed solute molecules generate a surface which has nearly the same affinity for 2,4-DMP molecules as the original surface.
Adsorption of 2,4,6-TMP gave a C-type isotherm for HDTMA-bentonite [ Figure HA) ] and an L-type isotherm for DDTMA-, TMPA-and TMA-bentonite [ Figure I (B), (C) and (D)]. The Ctype isotherm is characterized by constant partition of the solute between the solution and the substrate right up to the maximum possible adsorption (Giles et al. 1960) . Greenland and Quirk (1962) have provided a useful survey of the significance of isotherm shape in interpreting the adsorption mechanisms of clay minerals. They observed C-type curves in adsorption studies of amino acids and peptides from water on to Ca-montmorillonite. The 2,4,6-TMP isotherm for HDTMA-B exhibited a C-type curve indicating that adsorbate-adsorbent interaction was relatively strong in this case, probably due to hydrophobic interaction (Giles et al. 1974) .
The adsorption of phenols from water on to TMPA-and TMA-bentonite was quite different [ Figure I(C) and (D) ]. The sorptive capability of TMA-bentonite decreased markedly as the size of the methyl group increased in going from P to 2,4-DMP to 2,4,6-TMP (123.0 mmol/kg for P, 71.5 mmol/kg for 2,4-DMP and 40.8 mmol/kg for 2,4,6-TMP at 100 mg/l initial concentration). In addition, TMA-bentonite showed a clear preference for phenol despite the fact that phenol has the highest water solubility and lowest molecular weight of the compounds tested. Thus, it appears that such selectivity is related to the shape and size of the phenol molecule and to the free space 400 250 between the TMA ions on the surface. The importance of this shape/size requirement is further illustrated by the fact that the extent of uptake decreased as the size of the solute molecules was increased by adding methyl groups to the phenol ring. Thus, the degree of uptake from water by TMA-bentonite decreased in the order phenol> 2,4-dimethylphenol > 2,4,6-trimethylphenol. With TMPA-bentonite, a high uptake from water was observed for 2,4-dimethylphenol. Furthermore, TMPA-bentonite showed no steric exclusion and effectively removed methyl phenols from water. The type of solvent has a profound effect on the nture of the adsorption isotherms. Figure 2 shows the adsorption of phenol on to HDTMA-, DDTMA-, TMPA-and TMA-bentonite from water and from hexane as solvents. In water as the solvent, phenol interacts strongly with water (hydrogen bonding) and is not sufficiently attracted to the hydrophobic surfaces of HDTMA-and DDTMA-bentonite to generate significant adsorption. With hexane, phenol undergoes much less energetic interaction with the solvent, and adsorbate-adsorbent interactions are sufficiently strong to result in considerable adsorption. These data demonstrate the relative importance of both adsorbate-solvent and adsorbate-surface interactions on the partitioning of adsorbate molecules between the solvent and the surface. The adsorption of phenols from hexane may also be affected by swelling of some of the clay-organic complexes in hexane, thus increasing the interlayer surface (Theng 1974) . The adsorption of phenol from hexane on to HDTMA-bentonite [ Figure 2 (A)] and DDTMA-bentonite [ Figure 2 (B)] led to an L-type isotherm whereas phenol gave an S-type adsorption isotherm on adsorption from water. This means that the hydroxy groups of phenol do not interact with the hydrophobic surfaces of organophilic clays and that the phenol molecules lie nat on the surface.
The behaviour of organoclay surfaces such as TMPA-and TMA-bentonite is different from that of HDTMA-and DDTMA-bentonite. For TMA-and probably TMPA-bentonite, some surface oxygens of the silicate structure were exposed since the smaller organic cations were incapable of covering all of the silicate surface. Consequently, such a surface could exhibit hydrophobic properties derived from the attached organic species as well as more hydrophilic properties derived from the areas of exposed silicate oxygens. Figure 3 shows the adsorption of 2.4.6-TMP on HDTMA-, DDTMA-, TMPA-and TMAbentonites from water and from hexane. Adsorption of 2,4,6-TMP by these organoclays was greater from water than from hexane. in direct contrast to the results obtained for the adsorption of phenol from hexane [ Figure 3 The FT-IR spectra of P 2,4-DMP and 2,4,6-TMP adsorbed on to HDTMA-bentonite are depicted in Figure 4 . They show that the intensity of the absorption bands at 2927 em:' and 2851 em:' in the spectrum increases from those for the original organoclay on adsorption of phenol and its methyl derivatives on the surface. corresponding to attachment to the CH 2 groups on the latter (van der Marel and Beutelspacher 1976) . This means that phenol and its methyl derivatives interact with the CH~groups present in the new surfaces created by the HDTMA cations. As the adsorbed amounts of phenol and its methyl derivatives increase. the intensity of these bands also increase. The band at 1100 em! in the spectrum corresponds to methyl groups associated with phenol and when their number increase the width of this band also increases. 
CONCLUSIONS
The nature of the organic cation in the exchange complex of bentonite and the nature of the solvent are of prime importance in determining the adsorption of phenol and its methyl analogues on such organoclays. In the present work, the adsorption observed for a particular molecule was the product of two controlIing factors, i.e. adsorbate-adsorbent interactions and adsorbate-solvent interactions. The results presented show that organoclay complexes such as HDTMA-, DDTMA-, TMPA-and TMA-bentonite are effective sorbents for removing organic contaminants from water. Hence. organoclays may be used effectively to remove pollutants from wastewater which is one of the most important problems in environmental chemistry. 
